We demonstrate an experimental method to record snapshot diffraction images of polyatomic gas-phase molecules, which can, in a next step, be used to probe time-dependent changes in the molecular geometry during photochemical reactions with femtosecond temporal and angstrom spatial resolution. Adiabatically laser-aligned 1-ethynyl-4-fluorobenzene (C 8 H 5 F) molecules were imaged by diffraction of photoelectrons with kinetic energies between 31 and 62 eV, created from core ionization of the fluorine (1s)l e v e lb y≈80 fs x-ray free-electronlaser pulses. Comparison of the experimental photoelectron angular distributions with density functional theory calculations allows relating the diffraction images to the molecular structure.
We demonstrate an experimental method to record snapshot diffraction images of polyatomic gas-phase molecules, which can, in a next step, be used to probe time-dependent changes in the molecular geometry during photochemical reactions with femtosecond temporal and angstrom spatial resolution. Adiabatically laser-aligned 1-ethynyl-4-fluorobenzene (C 8 H 5 F) molecules were imaged by diffraction of photoelectrons with kinetic energies between 31 and 62 eV, created from core ionization of the fluorine (1s)l e v e lb y≈80 fs x-ray free-electronlaser pulses. Comparison of the experimental photoelectron angular distributions with density functional theory calculations allows relating the diffraction images to the molecular structure. In the past two decades, our understanding of chemical reactions including the occurrence of transition states and the dynamics in the vicinity of conical intersections has advanced drastically due to substantial progress in quantum chemistry calculations and in the field of femtochemistry [1] . Observing the ultrafast movement of atoms and electrons during a chemical reaction experimentally is extremely challenging due to the molecular dimensions of typically only a few angstroms and reaction time scales which are often on the order of femtoseconds. Such spatiotemporal resolution can nowadays be provided by the pulses of a free-electron laser (FEL) [2, 3] , and femtosecond x-ray diffraction has already been successfully demonstrated for large biomolecules and nano-objects [4] [5] [6] . For small gas-phase molecules, it suffers from very low elastic scattering cross sections, making it difficult to achieve sufficiently good signal-to-noise ratios and effectively limiting it to targets containing heavy atomic constituents [7] . * rebecca.boll@asg.mpg.de † daniel.rolles@desy.de A way to overcome this difficulty is to image the molecules with electrons instead of photons [8] :A7k e Vx -r a yw i t ha wavelength of 1.75Å has an elastic scattering cross section of <10 b on a carbon atom [9] . An electron with a kinetic energy of 50 eV has the same wavelength but an elastic cross section of 470 Mb [10] . However, electron beams are hard to compress to short, intense pulses and it has been demonstrated only recently that pulse durations below 100 fs can be achieved for pulses of 10 6 electrons [11] . Moreover, laser-pump electron-probe measurements on extended targets such as molecular beams suffer from velocity mismatch between the two pulses which has, so far, limited their overall achievable temporal resolution to >850 fs [12] [13] [14] .
Our approach, which exploits the advantages of an electron probe pulse while avoiding the velocity mismatch, is to image the molecules from the inside with photoelectrons that are created directly at a specific atom within the molecule. In contrast to related experiments using time-resolved valence photoionization [15] , which probe mostly the electronic structure, photoelectron diffraction with localized inner-shell electrons can directly image the geometric structure [16] . It is a well-established technique for structure determination of solids, surfaces, and adsorbates [17] [18] [19] , offering the possibility to image only the local environment of an emitter due to element-specific core ionization. It can also be applied to gas-phase molecules, where the emitted photoelectron wave is modulated by interference from intramolecular scattering on neighboring atoms that contains the information on the molecular structure [16, [20] [21] [22] .
In order to be able to extract this information from the recorded photoelectron angular distributions, the reference frame of the molecule has to be known. Ap r i o r i ,t h i si s not the case for an ensemble of randomly oriented gasphase molecules. Avoiding the averaging over all possible orientations can be achieved in two ways: The molecular axes can be determined from the measurement a posteriori, for example in an angle-resolved photoelectron-photoion coincidence experiment [20] [21] [22] [23] [24] , or the molecules can be actively aligned prior to the photoionization, for example by impulsive or adiabatic laser alignment [25] . The former allows probing the molecules in a field-free environment and can provide a high degree of alignment. However, it is applicable only for rather small molecules and requires less than one ionization event per pulse, thus severely limiting the amount of data that can be collected given the repetition rates of the currently operating x-ray FELs (<120 Hz). We have, therefore, chosen to employ adiabatic laser alignment, which allows imaging a whole ensemble of molecules with each x-ray pulse.
We present here an application of the FEL-based femtosecond photoelectron diffraction method to polyatomic gas-phase molecules. The recorded diffraction patterns can be interpreted as freeze frames of a molecular movie which can be extended to a complete movie by following the temporal changes of the molecular geometry in a pump-probe experiment.
In the present case, we were imaging 1-ethynyl-4-fluorobenzene molecules (pFAB) (see Fig. 1 ), with photoelectrons at five different kinetic energies between 31 and 62 eV. pFAB was chosen as a prototype system, because the photochemistry of several related phenyl halides has been studied previously and the existence of several shortlived transition states has been suggested, for example for fluorobenzene [26, 27] .
The experiment was performed at the AMO beamline of the Linac Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory [28] using the CFEL-ASG MultiPurpose (CAMP) end station [29] . The data were analyzed with the CFEL-ASG software suite (CASS) [ 30] . The experimental setup is depicted in Fig. 1 . pFAB molecules seeded in helium (50 bars backing pressure) were introduced into the CAMP chamber as a rotationally cold (≈1 K), pulsed molecular beam produced by supersonic expansion from an Even-Lavie valve (nozzle diameter 150 µm). The coldest molecules in the beam were selected by an electrostatic deflector [31] . The molecular beam was then crossed by a nonionizing Nd:YAG (yttrium aluminum garnet) laser (Spectra Physics Quanta Ray Pro, 1064 nm, 10 ns pulse length, 500 mJ pulse energy), which was propagated collinearly with the FEL and induced adiabatic, one-dimensional alignment of the F-C bond axis along the laser polarization. At the time of maximum alignment in the peak of the Nd:YAG pulse, the FEL pulse (723-754 eV photon energy, 0.2%-1.0% bandwidth [2] , ≈80 fs pulse length,
FIG. 1. (Color online)
Experimental setup: pFAB molecules were introduced into the CAMP chamber as a cold, pulsed molecular beam (green) after passing through two skimmers and an electrostatic deflector. A Nd:YAG laser (red) induced adiabatic, one-dimensional alignment of the molecular ensemble, which was then hit by an x-ray pulse (blue). The resulting photoelectrons and fragment ions were extracted towards two MCP-phosphor screen detectors by the electric field of a velocity map imaging spectrometer. The detector images present typical electron (top) and F + -ion distributions (bottom) for aligned molecules after background subtraction. The polarization axes of the Nd:YAG laser and the FEL were parallel and along the y axis as indicated by the blue arrow. 0.6-1.2 mJ pulse energy) hit the ensemble of molecules, ionizing predominantly the fluorine (1s) shell and resulting in photoelectrons with kinetic energies of 31-62 eV [the F(1s) binding energy in fluorobenzene is 692 eV [32] ]. The beam waist of the Nd:YAG laser (ω 0 ≈ 60 µm) was chosen larger than that of the FEL (ω 0 ≈ 40 µm) in order to assure that all molecules probed by the FEL were aligned.
Electrons and ionic fragments produced by the FEL pulses were accelerated by the inhomogeneous electric field of a double-sided velocity map imaging spectrometer (VMI) and were detected simultaneously on two microchannel plate (MCP) detectors with phosphor screens, which were imaged w i t ha1m e g a p i x e lC C Dc a m e r at h a tw a sr e a do u tf o re v e r y single FEL shot. The VMI voltages were chosen such that the F(1s) photoelectrons and all fragment ions were collected in the full 4π solid angle. By fast switching of the high voltage, the electron detector was gated to suppress stray electrons and the ion detector was gated to record only ions with a given mass-to-charge ratio.
The simultaneous detection of electrons and ions allowed constant monitoring of the degree of alignment by analyzing the angular distribution of a characteristic fragment ion. In the present case, we monitored the F + ions which are emitted along the F-C bond direction. The resulting detector image is shown in Fig. 1 . The achieved degree of alignment can be characterized by an alignment parameter [25] of cos 2 θ 2D = 0.85. An isotropic background of lower energy fragments has been subtracted, which stems from clusters in the molecular beam.
The electron image for aligned molecules recorded at a photon energy of 743 eV is also shown in Fig. 1 .I tw a s obtained by inversion of the raw VMI image using the pBasex algorithm [33] . Because of the cylindrical symmetry of the photoelectron angular distribution around the polarization axis of the FEL and the Nd:YAG laser, which are parallel and lie in the detector plane, this allows reconstruction of the three-dimensional photoelectron distribution from its twodimensional projection. The F(1s) photoline with an electron kinetic energy of 51 eV is clearly visible as a sharp ring at large radii. The low-energy electrons in the center of the image are mainly created by shake-off and shake-up processes. High-energy electrons, for example from C(1s) and valence ionization as well as Auger electrons, have kinetic energies >240 eV. They are thus collected in a small solid angle for the chosen spectrometer voltages and appear only as a small background.
At first sight, the F(1s) photoline shows surprisingly little angular structure from interference and displays an essentially "p-wave"-like angular distribution along the x-ray polarization axis that is typical for (1s) ionization. One reason for this is the fact that for the achieved degree of alignment the F-C axes were only confined to an opening angle of 40
• (FWHM), which significantly smears out the interference minima and maxima. Additionally, a background of unaligned molecules from pFAB clusters in the beam further reduces the contrast. To extract the intensity variations caused by intramolecular scattering of the photoelectrons, we therefore consider in the following the differences between the VMI images obtained with and without the Nd:YAG alignment laser, which were recorded concurrently by running the LCLS at 120 Hz, the molecular beam at 60 Hz, and the Nd:YAG laser at 30 Hz.
The resulting difference images recorded at five photon energies corresponding to photoelectron kinetic energy from 31 to 62 eV are shown in Fig. 2 . Here, the photoelectron intensity on the circular detector is shown as a color map • /270
• .
in Cartesian coordinates with the abscissa being the distance from the center of the VMI image (i.e., the radius coordinate, which contains information on both the photoelectron energy and the polar emission angle) and the ordinate being the azimuthal angle on the detector. The difference images show pronounced angular structures which vary as a function of photon energy and which can be attributed to photoelectron diffraction effects. The chosen electron energies correspond to de Broglie wavelengths of 1.53 to 2.16Å, which are comparable to the internuclear distances in the molecule, as the F-C distance in pFAB is 1.3Å and the overall length of the molecule is 4.3Å.
We can now investigate the diffraction effects quantitatively by radially integrating the difference images in Fig. 2 . The resulting photoelectron angular distribution differences ( PADs) are shown in Fig. 3 as polar plots. They are compared to the PADs obtained by subtracting the corresponding inverted VMI images. Both raw and inverted data agree well within the statistical uncertainties, thus confirming the reliability of the inversion procedure used in our analysis.
In order to interpret the observed effects and to further elucidate their relation to the molecular structure, we have performed density functional theory (DFT) calculations with a linear combination of atomic orbitals B-spline code that has already been used previously to calculate accurate cross sections and molecular-frame photoelectron angular distributions for small polyatomic molecules [34] [35] [36] . The experimentally achieved degree of molecular alignment is accounted for in the calculations by averaging over a two-dimensional Gaussian w i t haF W H Mo f4 0
• . The calculated photoelectron angular distributions for aligned and randomly oriented molecules are then normalized to the integrated signal in the corresponding experimental photoelectron angular distributions and subtracted. The resulting calculated PADs are shown in Fig. 3 as dotted lines. They are in good agreement with the experimental data.
Based on our calculations, we identify two contributions to the energy dependence of the PADs: Most prominent is a change of the sign of the integral difference, which is positive for 46 eV and negative for all other photoelectron energies. This change can be explained by a difference of the partial ionization cross sections for molecules aligned parallel to the x-ray polarization axis as compared to randomly oriented molecules, both of which vary as a function of photon energy [37] . This effect can be used to calibrate the energy offset between experiment and calculation. Such an offset is well known to occur since the LB94 exchange correlation potential employed in the DFT calculations is too attractive, which causes a shift of the cross sections to lower binding energies [38] .
The second contribution to the PADs is due to the angular redistribution of photoelectron intensity because of intramolecular scattering. The dominant feature is a stronger confinement of the electron emission towards the direction of the nearest-neighbor atom which is situated on the aligned molecular axis (see arrow), as can be seen most clearly for 46 eV. This is commonly referred to as the "forward scattering peak" in photoelectron diffraction [17] [18] [19] . Further structure results from interference maxima and minima whose angular positions vary as a function of electron wavelength. Since this interference depends on both the wavelength and the geometry of the scattering object, the change of the PADs for decreasing wavelengths gives an indication of the changes expected when a molecule with increasing internuclear distances, for example during a photodissociation, is imaged at a fixed wavelength.
The direct relation of the photoelectron diffraction to the molecular structure as well as the potential of the method for time-resolved imaging is illustrated by comparing the calculated molecular-frame photoelectron angular distributions for different molecular geometries shown in Fig. 4 . Only the positions of the fluorine atom and of one adjacent hydrogen atom are varied, which causes significant changes in the angular distributions. The geometries chosen for these calculations are based on different transition states which are predicted to occur within <1 ps after photoexcitation of fluorobenzene by a UV photon at 193 nm [26, 27] . With the femtosecond photoelectron diffraction approach presented here, it should be possible to image the reaction pathway through one of these transition states directly in a UV-pump, FEL-probe experiment.
In summary, our results demonstrate the feasibility of femtosecond photoelectron diffraction on polyatomic gasphase molecules by measuring the photoelectron angular distributions of laser-aligned molecules at an x-ray freeelectron laser. We observe pronounced changes for varying photon energies and thus varying photoelectron wavelengths, which are well described by DFT calculations demonstrating the sensitivity of the method to the molecular structure on an angstrom scale. Femtosecond photoelectron diffraction therefore has the potential to become a versatile tool to study, in particular, short-lived molecular structures provided they contain a well-defined emitter atom with a localized electronic orbital from which the primary electron wave can be emitted. Furthermore, although the laser-alignment technique chosen here is certainly not applicable to all molecules, it applies to a broad range of gas-phase molecules whose polarizability tensor is anisotropic. In addition, for suitable classes of molecules, it will also be possible to determine, very precisely, the molecular orientation without any prealignment by using electron-ion coincidence techniques once higher repetitionrate FEL sources (such as the European XFEL) are available. When taking time-dependent diffraction patterns of a changing molecular geometry in a pump-probe setup, the technique presented here allows observing geometrical changes during a chemical reaction in real time. With FEL pulse lengths of less than 10 fs, available today for example at LCLS, and by employing cross-correlation techniques to accurately determine the jitter between laser-pump and FEL-probe pulses [39, 40] , the achievable time resolution can be on the order of 30 fs, limited currently by the length of the laser-pump pulse.
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